Detection of the causal relationships between events is fundamental for understanding the world around us. We report an event-related fMRI study designed to investigate how the human brain processes the perception of mechanical causality. Subjects were presented with mechanically causal events (in which a ball collides with and causes movement of another ball) and non-causal events (in which no contact is made between the balls). There was a signi®cantly higher level of activation of V5/MT/MST bilaterally, the superior temporal sulcus bilaterally and the left intraparietal sulcus to causal relative to non-causal events. Directing attention to the causal nature of the stimuli had no signi®cant effect on the neural processing of the causal events. These results support theories of causality suggesting that the perception of elementary mechanical causality events is automatically processed by the visual system.
INTRODUCTION
Detection of the causal relationships between events is fundamental for understanding what is happening in the world around us. The understanding of the causal nature of events has been the subject of debate for centuries. Hume argued that we have no direct way of knowing that one event or action will cause another: he claimed that causality is not something that can be directly perceived [1] . Instead, he suggested that understanding the causal relationships between events requires inference on the basis of previous, learned contingencies. A contrasting view to that of Hume was put forward by Michotte [2] , whose empirical research on visual displays involving causality led him to propose that the perception of causality is direct, automatic and possibly innate. A classic form of mechanical causality studied by Michotte was the so-called launching effect, exempli®ed by one billiard ball hitting another. In Michotte's visual stimuli, one object (A) moves until it touches another item (B), at which point A stops and B starts moving (see Fig. 1 for example). Michotte interviewed adult subjects who viewed such displays and found that they perceive them as`A causes the motion of B'.
Many studies since Michotte's have supported his suggestion that the perception of causality in launch displays is fast (occurring , 250 ms after the interaction between the objects in the displays), automatic and highly stimulus driven [3, 4] . The perception of causality also exists for displays involving apparent motion [5] and other types of object interactions, such as one object pulling another [6] and objects causing other objects to burst [7] . Developmental studies have shown that the ability to perceive causality from simple motion displays emerges early in life [8±10] .
Top-down processes, in particular the knowledge that the displays are not really causal, appear to have little in¯uence on the perception of mechanical causality [11] .
Based on the evidence that causal perception is a fast, automatic, bottom-up process, which is distinct from higher-level cognitive interpretations [12] , it has been speculated that such causal perception may conform to modular perceptual processing [13] and may be hardwired in the visual system [4] . The idea is that the visual system works to recover the causal structure of the world by inferring properties such as mechanical causality, in the same way that it recovers the physical structure of the world by inferring properties such as 3D shape [4] .
Little is known about the neural correlates of the perception of causality in Michotte-like displays. Electrophysiological studies in the monkey have shown that cells at a posterior location in the superior temporal sulcus (STS) that are sensitive to hand±object interactions are especially responsive if the observed hand causes an object to move [14, 15] . Such STS cells do not respond if the hand and object movements are not perceived as causally related due spatial and temporal gaps between them. If the response of STS neurons in these studies was due to the causal nature of the hand±object interactions, then an equivalent region of the human STS (the posterior portion of the middle temporal gyrus) may be involved in processing mechanical causation. The psychophysical evidence suggests that the perception of causality is an automatic process that is mandatory given particular visual input [4] . If this is the case, regions speci®cally responsive to visual movement (the V5/MT/MST complex) [16] and regions involved in extracting properties such as depth from motion (including V5/MT/MST and the intraparietal sulcus) [17] may be activated by stimuli that evoke the perception of mechanical causation. In addition, higher visual areas involved in processing spatial relationships between moving objects and conveying motion information, including the intraparietal sulcus and the parietal lobe [18±20], may be recruited to detect causality in visual displays.
The present study was designed to test the hypotheses that the perception of mechanical causality is automatically processed by the visual system and that its neural processing is not affected by higher-lever processes such as attention to causation. To investigate these hypotheses, we used event-related fMRI to evaluate the neural correlates of perceived causality in simple Michotte-like launching displays. In order to investigate whether there is a top-down in¯uence of attention to causality on the processing of these basic causal events, we employed a factorial design that varied two factors: causality vs no causality, and attention to causality vs no attention to causality. To manipulate attention to causality, subjects were asked to make two different types of response to each visual event. They were asked to detect either the direction of motion of the stimuli (thus their attention was directed away from causality) or the presence of causal relationships between the stimuli (thus their attention was directed towards causality) in the displays. If there is no top-down in¯uence of cognitive task on the perception of causality, then the nature of the task (detecting stimulus motion direction or the presence of causality) should have no effect on the neural processing of causal stimuli [11] . In other words, paying attention to the causal nature of the stimuli should not in¯uence the way in which the brain processes these causal stimuli.
MATERIALS AND METHODS
Subjects: Eight healthy right-handed volunteers (four females; age range 20±25 years) took part in the study, which was performed in accordance with the local Ethics Committee. Written, informed consent was obtained from all subjects prior to participation according to the Declaration of Helsinki.
Materials and Methods: During scanning, subjects viewed four types of visual event, each of which lasted 2 s and was followed by a 2 s response period. There was one experimental event. In the causality event a blue ball rolls horizontally across the screen and after 1 s collides with a red ball, which is positioned in the centre of the screen in the path of the blue ball (as in Fig. 1 ). The red ball moves horizontally off the screen. There were two control events. In the non-causality event the blue ball rolls across the screen as in the causality event, but passes underneath the red ball, which is positioned above the path of the blue ball, so no contact is made between them. In a visual transient event, a blue ball rolls across the screen and changes colour (to red) after 1 s. This event was designed to control for the visual transient event (the collision between the blue and red balls) that occurred at 1 s in the causality event but not in the non-causality event. As a baseline stimulus, the null event comprised a black ®xation point in the centre of a white screen.
Each stimulus image was made up of 512 3 512 pixels and 256 colours. Each event lasted 2 s and the screen was updated at 30 images/s. The position of the blue ball's starting point (top, middle or bottom of the screen), the colour of the balls, and the direction of motion (right to left or left to right) were varied. The variation of these factors was balanced between conditions. After each of the four event types there was a 2 s interval in which subjects saw a ®xation cross and were asked to make a response based on the preceding stimulus by pressing one of two buttons.
Each subject underwent four scanning sessions. Within each session, each of the three visual events was repeated 21 times. In addition, 26 null events were included in each session, ®ve of which occurred at the end of the session. The order of presentation of the stimuli was optimised [21, 22] by generating 10000 random permutations of the integers between 1 and 84 and dividing the series into four blocks of 21 numbers, each of which represented the presentation order of the four different types of event. This ensured suf®cient temporal jitter between sequential trials of the same type [21±26]. The ef®ciency of the sequence orders was assessed [21, 22] (implemented in SPM99) and the optimal sequence orders with regards to an ef®ciency criterion relating to the contrasts causality vs non-causality events and causality vs visual transient events were selected.
Factorial nature of design: We employed a factorial design with two factors: causality vs no causality and attention to causality vs no attention to causality. After each visual event in sessions 1 and 2, subjects were instructed to make a response with the index or middle ®nger of their right hand depending on the direction of motion of the ball (the attention to motion direction task). After each visual event in sessions 3 and 4, subjects were instructed to make a response with the index or middle ®nger of their right hand based on the presence or absence of a causal relationship between the balls (the attention to causality task). The ordering of the tasks was not counterbalanced between sessions in order to avoid biasing subjects' attention towards causality in the attention to motion direction task. The design was fully factorial, as shown in Table 1 .
Subjects were instructed to respond with their right index ®nger after each null event in all sessions. All subject responses were recorded for subsequent reaction time analysis. Instructions were provided visually at the beginning of sessions 1 and 3 and subjects practised the tasks for $2 min at the beginning of these sessions.
Data acquisition: A Philips NT MRI scanner operating at 1.5 T was used to acquire both T1-weighted structural images and gradient echo-planar T2 Ã -weighted MRI image volumes with blood oxygentation level dependent (BOLD) contrast (TR 2 s; TE 45 ms; matrix 64 3 64 mm; FOV 256 3 256 mm 2 ). For each subject, data were acquired in four scanning sessions. A total of 178 volumes were acquired per session, plus 10 dummy volumes, subsequently discarded, to allow for T1 equilibrium effects. Each functional brain volume comprised 23 5 mm axial slices with in-plane resolution of 4 3 4 mm positioned to cover the whole brain. The acquisition of a T1-weighted anatomical image occurred after session 2 for each participant. The total duration of the experiment was around 40 min/ subject.
Statistical analysis: Reaction times and accuracy of subject responses after each event were recorded and subsequently analysed using a two-way ANOVA.
Functional imaging analysis used the technique of statistical parametric mapping, implemented in SPM99 (http://www.®l.ion.ucl.ac.uk/spm). For each subject, a set of 712 fMRI scans was acquisition-corrected to correct for sampling bias effects caused by different slices being acquired at different times relative to the haemodynamic response. The scans were then realigned to correct for interscan movement and stereotactically normalised using sinc interpolation [27] into the standard space de®ned by the Montreal National Institute template. After normalisation the image volumes had a resolution of 4 3 4 3 5 mm. The scans were then smoothed with a Gaussian kernel of 8 mm full-width half maximum to account for residual inter-subject differences [27] .
The analysis of the functional imaging data entailed the creation of statistical parametric maps representing a statistical assessment of hypothesised condition-speci®c effects [28] . Four event types were modelled: causality, non-causality, visual transient and the null events. These effects were modelled by convolving a delta function at one second after each event onset with the haemodynamic response function, and its two partial derivatives, to create regressors of interest. The events corresponding to the subject responses were modelled as a regressor of no interest, as were low frequency drifts in signal (cut-off 120 s). Areas of signi®cant change in brain activity were speci®ed by appropriately weighted linear contrasts of the condition-speci®c effects and determined using the t-statistic on a voxel to voxel basis.
Statistical analysis was performed to examine the simple effects of the three visual events compared with the null stimulus, the main effects of causality vs non-causality and causality vs visual transient, and the interaction between causality and experimental task (see Table 1 ). Examination of the interaction re¯ects the statistically signi®cant differential effects of causal stimuli in the context of attention to causality or attention to stimulus motion direction. This allowed us to search for an interaction with experimental task in regions that previously demonstrated an effect of causality. The presence of a signi®cant interaction (at a reduced statistical threshold of p , 0.001 uncorrected) in these regions would suggest that causality-evoked activation depends on the experimental task.
The statistical contrasts were used to create an SPM{t}, which was transformed into an SPM{Z} and thresholded at p , 0.05 (corrected on the basis of the theory of random Gaussian ®elds for multiple comparisons across the whole brain volume examined). We report regions that survive correction at p , 0.05 plus those regions surviving an uncorrected threshold of p , 0.001 for which we had an a priori hypothesis for their activation.
RESULTS
Behavioural responses: Behavioural responses indicated that subjects perceived the causal events as involving a causal relationship between the balls whereas they did not perceive the non-causal and visual transient events as involving a causal relationship between the balls. An ANOVA performed on the response times demonstrated that there was no signi®cant difference between reaction times of subject responses in the causal and non-causal conditions during either of the two tasks (detection of motion direction and detection of causality; Table 2 ; F 0.066; p 0.98; df 1,24).
Functional imaging results:
The analysis of the simple effects of each of the three visual events compared with the null stimulus revealed signi®cant activations in cortical regions involved in processing the various aspects of moving, coloured visual stimuli, as would be expected (Table 3) .
Several areas responded signi®cantly more strongly to causal events than to both non-causal and visual transient (Table 4 ). To isolate regions that were signi®cantly more activated by causal events than by the two visual control events, the contrast comparing causal and noncausal events was masked (inclusively) by the contrast comparing causal events and visual transient events at Z 3.09. The BOLD response in the resulting regions was signi®cantly higher during causal events than during noncausal events and visual transient events. These areas were located in the MT/V5 bilaterally, STS bilaterally and the border of the intraparietal sulcus and angular gyrus on the left (Fig. 2) . The nature of the task (detecting stimulus motion direction or detecting the presence of causality) had no signi®-cant in¯uence on the brain regions involved in processing causal stimuli. There was no signi®cant modulation of the activity in bilateral MT/V5, STS or the left intraparietal sulcus when attention was directed to causality as opposed to when attention was directed to stimulus motion direction. The absence of such an interaction demonstrates that the task manipulation used in the current study had no signi®cant top-down effect on the neural processing of the causal stimuli. However, the possibility of a type II error in this result cannot be ruled out: the particular task manipulation used in this study may simply have been ineffective at elucidating a top-down effect on causality-evoked activity, which may be elucidated by some other task manipulation.
DISCUSSION
The present study investigated the neural correlates of perceived causality in collision events of the type used by Michotte. The results support the hypothesis that the elementary, billiard-ball type of mechanical causality is automatically processed by the visual system. Our interaction analysis suggests that directing attention to the presence of causality has no effect on the neural processing of this type of causality.
Our fMRI results lend brain imaging data to support the theory originally put forward by Michotte that the perception of causality is directly processed by the visual system [2] . The Michotte-like launching displays used in the current study, which were perceived by the subjects as involving a causal relationship between the stimuli, activated MT/V5 and STS bilaterally and the left intraparietal sulcus to a signi®cantly greater extent than similar nonlaunching displays. These results support the proposal that the visual system works to recover the causal structure of the world by inferring properties such as causality, just as it works to recover the physical structure of the world by inferring properties such as 3D shape [4] . In particular, the current results suggest that MT/V5, STS and the left intraparietal sulcus may play a particularly important role in detecting causality in visual events. MT/V5, which is a region specialised for processing visual motion [16, 17] , may be ®ne-tuned to process causality in moving visual stimuli such as launching displays. STS in primates has previously been shown to contain cells that are especially responsive to hand±object interactions that are perceived to be causal [14, 15] . Our results suggest that human STS may be specialised to process the nature of very basic causal interactions between objects.
The intraparietal sulcus is known to contain cells that code spatial relationships [18±20]. That activity in the left intraparietal sulcus was signi®cantly greater for causal than for non-causal stimuli in the current study may have been due to the presence of the speci®c spatial relationships between the balls in the causal displays that were absent in the non-causal displays. It was the spatial relationship between the red and the blue ball that determined their collision in the causal displays. Thus, the left intraparietal sulcus may be speci®cally involved in proces- sing spatial relationships that involve some kind of causal contingency between objects. The major difference between the conditions in the current study was the perception of a causal contingency between the balls in the causality events and the lack of such a causal contingency in the control events. Although the stimuli were designed to be as similar as possible on all factors other than causality, the possibility that the visuospatial motion in the causality event is more complex than in the other two visual events cannot be ruled out. The conclusion that the increased activity in MT/V5, the STS and the left intraparietal sulcus during the causality events was speci®cally related to the perceived causal nature of the events and not to some other visuospatial factor requires further experimentation.
Past experiments have demonstrated that perceiving causality in visual displays is automatic, irresistible and unaffected by higher-level processes. In this way, perceiving mechanical causality seems to be a bottom-up process, with top-down processes having little in¯uence on the percept of causality [11] . The current fMRI experiment sought to test this hypothesis by investigating neural responses to causal displays during two different judgement contexts. Subjects were asked to make responses based on either the direction of motion of the stimuli (thus their attention was directed away from the causal nature of the stimuli) or the presence of causality in the displays (their attention was directed to the causal nature of the stimuli). Attention to causality had no signi®cant effect on the neural processing of causality. This supports the hypothesis that attention to simple billiard-ball causality has little or no top-down in¯uence on the way in which the brain processes such causal stimuli. However, caution is required when interpreting this result. The possibility that the particular task manipulation used in this study was simply ineffective at elucidating a top-down effect on causality-evoked activity, which may be elucidated by some other task manipulation, cannot be ruled out. This question requires further investigation.
CONCLUSION
This study was designed to investigate the neural correlates of the perceived causality in Michotte-like launching displays. The results are consistent with the view that the perception of simple mechanical causality re¯ects relatively low-level perceptual processing. Activity in bilateral MT/ V5 and STS and the left intraparietal sulcus was signi®-cantly greater to visual events that involved causality than to similar visual events that did not involve causality. In addition, directing attention to the causal nature of the stimuli had no signi®cant in¯uence on the brain regions involved in processing causality. These results support theories of causality that claim that the visual system is wired to recover the causal structure of the world.
